Abstract: Biofuel production from feedstocks grown on wastelands is considered a means of addressing concerns about climate change and improving energy security while at the same time providing an additional source of income for the land users. The establishment of biomass plantations on wastelands is likely to affect local livelihoods and can affect surrounding ecosystems by infl uencing hydrologic fl ows and processes such as erosion. We present an assessment of Jatropha plantation establishment on wastelands, using the ArcSWAT modeling tool. The assessment was made for a wasteland located in the Velchal watershed, Andhra Pradesh, India, which recently was converted to a biofuel plantation with Jatropha. The previous land use, in this case grazing, could continue in the Jatropha plantations. Several desirable effects occurred as a result of the land-use conversion: non-productive soil evaporation was reduced as a larger share of the rainfall was channeled to productive plant transpiration and groundwater recharge, and at the same time a more stable (less erosive) runoff resulted in reduced soil erosion and improved downstream water conditions. A win-win situation between improved land productivity and soil carbon content was observed for the Jatropha plantations. On the other hand, the results indicate that at the sub-basin scale, reductions in runoff generation as a result of large-scale conversion of wastelands to Jatropha cropping may pose problems to downstream water users and ecosystems. From a livelihoods perspective, Jatropha production was generally positive,
Introduction

I
n India, rapid urbanization coupled with industrialization and economic growth drives increasing energy demand and substantial import of crude petroleum oil. 1 As in many other countries, in India biofuels are considered an option for addressing climate change and energy security concerns. 3-5 A petrol-blending program mandated 5% ethanol blending of petrol, initially for selected states and union territories, and in 2006 extended to the whole country. 6 Programs for stimulating complementary use of biodiesel to displace petroleum-based diesel primarily focused on biodiesel production based on non-edible oil seeds produced on marginal or degraded lands. Th e harvestable Jatropha fruit is assessed as 500-600 and 1000-1500 mm yr -1 in arid and semi-arid tropics, respectively. 18, 21, 26 More information is needed concerning how downstream hydrological processes and sediment transport are aff ected by large-scale implementation at the meso-scale (10-10 000 km 2 ).
Even so, from the perspective of water, Jatropha cultivation to provide feedstock for biodiesel production in India is considered an option for making productive use of wastelands while at least partly avoiding confl icts with downstream environmental fl ow requirements. It is proposed that additional benefi cial eff ects might arise, such as less erosive storm fl oods and lower sediment loads in riverine ecosystems, and larger groundwater formation as a result of improved infi ltrability. Using wastelands for cultivating Jatropha could also help strengthening local livelihoods and income diversifi cation, which is high priority for land development.
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Scope and aim of study
Th is paper reports results from a case study of Jatropha cultivation on wastelands in the state of Andhra Pradesh. Th e purpose of the Jatropha cultivation was to develop a model for improving the livelihoods for the poor, through promotion of plantations on common land that are managed by local user groups. Th e aim of the study was to investigate opportunities and trade-off s of Jatropha cultivation on wastelands from a livelihood and environmental perspective, with soil and water as the critical resources. Special emphasis was placed on water, and hydrological assessments were conducted using the ArcSWAT tool to analyze the impacts of three diff erent land-use scenarios: (i) a wasteland state (barren land); (ii) biofuel cropping with Jatropha; and (iii) long-term biofuel cropping with Jatropha assuming changes in soil carbon content and other soil properties.
Study area and data
Th e state of Andhra Pradesh is located in the semi-arid tropics of Southern India and has some 4.52 million ha of land that is classifi ed as wasteland. Th is equals 16.5% of the total geographic area of the state. 8 Half the wasteland area consists of degraded forests, while the rest is covered age, 25 and various management factors like pruning, fertilization, and disease control. 22, 23, [26] [27] [28] Annual yield levels at 2-3 ton dry seeds has been proposed as achievable in semi-arid areas and on wastelands, while 5 tons ha -1 can be obtained with good management on good soils receiving 900-1200 mm average annual rainfall. 19, 25, 29 Jongschaap et al., 30 reported potential Jatropha yields as high as 7.8
tons dry seed ha -1 yr -1 . Th e decorticated seeds yield about 28-40% oil, 13, 17 which can be transesterifi ed and used for producing biodiesel. 31, 32 Jatropha has not yet undergone breeding programs with selection and improvement. Th e productivity varies greatly from plant to plant and environmental factors are reported to have a dominating role over genetics in determining seed size, weight, and oil content. 23 A global assessment of the ecological suitability for
Jatropha cultivation under present and future climatic conditions indicates that high yields should be attainable in both tropical and hot temperate areas. 18 Climate change is estimated to reduce average global yield levels by about 10%, with higher variation at local scale. [33] [34] [35] Areas in Southern
Africa (e.g. Zambia), South America (e.g. Argentina, Paraguay), and the northern part of South and East Asia (e.g. Northern India, Nepal and China) are expected to become more suitable for Jatropha cultivation in the future 18 due to expected reduced frequency of frost events and cold days and nights. 36 Jatropha is considered to be drought tolerant and possible to cultivate on degraded, sandy, and saline soils with low nutrient content. 37 Nitrogen and phosphorous inputs may be required for high yields 30, 38, 39 but nutrient recycling through leaf fall reduces the need for fertilizer input. 11 It is estimated that three-year-old Jatropha plants return about 21 kg N ha -1 back to the soil, although the quantity and nutrient content of the fallen leaves from the Jatropha plant vary with plant age and fertilizer application. 11 Th ere is still limited knowledge about the actual water requirement of Jatropha in diff erent agro-ecological regions. But studies indicate that Jatropha can be grown in a broad spectrum of rainfall regimes, from 300 to 3000 mm, either in the fi elds as a commercial crop or as hedges along the fi eld boundaries to protect other plants from grazing animals and to prevent erosion. 20, 26 Minimum and optimum rainfall to produce Fig. 2 show Jatropha plantation and its fruiting stage at Velchal and ICRISAT watershed during 2010. cultivating rain-fed crops on land-holdings of less than 2 ha, and also working as intermittent agricultural labourers. 14, 41 In 2005, the National Oilseeds and Vegetable Oils the diff erence between the models was less than 10%, and the approach combining the two models was therefore considered as giving a suffi ciently accurate representation of the Velchal watershed.
Material and methods
ArcSWAT description and inputs
ArcSWAT is a semi-process-based hydrological model for analyzing impacts of land management practices on water fl ows and sediment loss in complex watersheds. 43, 44 Th e model integrates the principal hydrological processes, soil and nutrient transport, and vegetative growth on a spatial and temporal frame, using a daily to annual timescale.
Surface runoff from daily rainfall is estimated using a modifi cation of the Soil Conservation Service curve number (CN) method from United States Department of Agriculture-Soil Conservation Service 45, 46 and peak runoff rates are estimated using a modifi ed rational method. 46 SWAT simulates plant growth by using the generic crop growth module from the EPIC (Erosion Productivity Impact Calculator) model. 46 Th e crop growth module fi rst calculates the plant growth under optimal conditions, and then computes the actual growth under stress inferred by water, temperature, nitrogen, and phosphorous defi ciency. 47 Sediment yield is estimated using the Modifi ed Universal Soil Loss Equation (MUSLE). 48 A detailed description of this model is given by Neitsch et al. 46 ArcSWAT requires three basic fi les for delineating the watershed into sub-watersheds: a Digital Elevation Model (DEM), a soil map and a land use/land cover (LULC) map.
Th e DEM for the Velchal watershed was generated from ASTER 30 m remote sensing data. Only the area marked as 'plantation' in Fig. 1 was included in the model set-up.
A soil map of the watershed was prepared by collecting soil samples on a grid structure of approximately 200 m (Fig.1 ).
Undisturbed soil cores (34 cores) were taken for measuring bulk density. Other physical properties such as texture, gravel content, organic carbon, fi eld capacity, and permanent wilting point were estimated in the laboratory. Channel erodibility factor(-) CH_EROD 0.5 From Garg et al. 49 Channel cover factor (-) CH_COV 0.5 From Garg et al. 49 USLE eq. support practice factor (-) USLE_P 0.5 From Garg et al. 49 Peak rate adjust factor for sediment routing in the sub basin (-) ADJ_PKR 0. ii) The Current Jatropha scenario represents the situation where Jatropha is cultivated and some soil and water conservation measures (in situ interventions) are implemented. Leaf fall, stem, and other bush/tree biomass are being added to the soil mainly at dormancy period. Jatropha seeds are harvested by the local community.
iii) Th e Long-term Jatropha scenario represents a thought situation where the conditions in the Current Jatropha scenario have been maintained for a long period of time, leading to increased soil organic matter and changed soil characteristics with regard to infi ltrability and soil water holding capacity.
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Th e Wasteland scenario was created by removing the current vegetation cover in the ArcSWAT parameterization, while the parameterization procedure of the Current Jatropha scenario was done as described above. 49 Finally, the Long-term Jatropha scenario was parameterized based on modifying selected parameters as described in Table 1 
Model performance
Th e simulated reservoir volume was similar to measured volumes (correlation coeffi cient = 0.97) aft er calibration ( Fig. 5(a) Th e distribution of the water balance components over the year also varies with land-use ( Fig. 6(b) ). While the total ET is lower for the two Jatropha plantation scenarios during the dry season (December-March), it becomes higher during the wetter parts of the year. Th is means that the annual fl uctuations in runoff and groundwater generation are smaller in the Jatropha plantation scenarios, compared with the Wasteland scenario.
Runoff generated from the watershed consists of two components: (i) surface runoff and (ii) base fl ow generation. It was found that even though the total runoff was signifi cantly lower with Jatropha plantations compared with the wasteland condition, base fl ow was in fact higher with Jatropha plantations (Fig. 6(c) ). On an average, the total amount of base-fl ow generation in the Wasteland scenario was only 70% of the base fl ow in the Jatropha scenarios; however, total runoff was 40% larger for the wasteland state compared with the Long-term Jatropha scenario.
Land management also aff ects runoff intensity. In general, higher runoff intensities were predicted for the wasteland state, compared with Jatropha plantations (Fig. 6(d) ). Th e results show that the average daily runoff intensity decreased by 12 % for the current Jatropha plantation, compared with the wasteland condition, and is likely to decrease even further with continued Jatropha cropping (the Long-term Jatropha scenario had 39% lower runoff intensity than the Wasteland scenario).
rainfall ( Fig. 6(a) ). In general, a larger share of the total rainfall forms runoff during wetter years compared with drier years. For the Wasteland scenario, runoff constituted
40-60% of total rainfall amount, while for the Long-term
Jatropha scenario, the corresponding fi gure is 20-40%. Between 4 and 17% of total rainfall was going to groundwater recharge, while the remainder was transferred to the atmosphere through evaporation or evapotranspiration (ET).
A comparison of the diff erent land-management scenarios shows that more than 50% of the non-productive soil evaporation in the Wasteland scenario is shift ed into productive transpiration in the two Jatropha plantation scenarios ( Fig. 6(a) ), while the total amount of ET is relatively similar in all three scenarios, except during dry seasons when ET is higher in the Jatropha scenarios, and even higher under improved soil conditions. Groundwater recharge doubles in the Current Jatropha scenario and quadruples in the Long-term Jatropha scenario, compared with the Wasteland scenario ( Fig. 6(a) ). As a result of higher ET and groundwater formation, runoff formation decreases in the Jatropha scenarios, in particular during dry years. In the Wasteland scenario, runoff constitutes around 40% of the total rainfall during dry years while the corresponding fi gure for the Current Jatropha scenario is around 30%, and even lower (down to 20%) for the Longterm Jatropha scenario. Such a large reduction in outfl ows from the watershed at a time when the average rainfall Modeling and Analysis: Biofuel production on wastelands in India KK Garg, L Karlberg, SP Wani and G Berndes ICRISAT BL3 location. During dry years, blue water generation was lower than green water generation at both sites.
Th e division between green and blue water components for Jatropha at the well-managed site corresponds well with those observed for many water-demanding cereal crops. 
Time (Months)
Evaporation from wasteland Evaporation from current Jatropha Evaporation from long-term Jatropha Transpiration from current Jatropha Transpiration from long-term Jatropha KK Garg, L Karlberg, SP Wani and G Berndes Modeling and Analysis: Biofuel production on wastelands in India state ( Fig. 7(b) ). With improved soil conditions (Long-term Jatropha scenario), soil loss decreased even further.
Jatropha growth and crop yield
Crop growth parameters measured at ICRISAT and Velchal during 2008 are presented in Table 3 . Jatropha seed yields are below 0.5 tons ha -1 within the three years of plantation at ICRISAT but aft erwards increased substantially. Jatropha seed yields in the Velchal watershed aft er year three and is poor in the watershed, large runoff is commonly generated during rain, with the capacity to carry large amounts of sediments. Soil loss was found to increase exponentially with rainfall intensity, and varied with land use (Fig. 7(a) ), so that the highest soil loss occurred at high rainfall intensities under wasteland conditions. Cumulative soil loss generated at the watershed outlet over a ten-year period showed that Jatropha cultivation resulted in a reduction of the total soil loss amount of nearly 50% compared to the wasteland 
Dry Years Normal Years Wet Years
Modeling and Analysis: Biofuel production on wastelands in India KK Garg, L Karlberg, SP Wani and G Berndes plantations might be a better option for enhancing productive water fl ows and at the same time protect these areas from further degradation. 7 Th e results from this study confi rm the hypothesis that Jatropha plantations on wastelands can have several positive eff ects in relation to soil and water:
• Reduced soil losses due to lower erosion rates when the soils are better protected by vegetation and roots. Besides the on-site benefi ts this also has the benefi t that sedimentation loads in rivers and other water bodies are reduced.
• Increased soil carbon content, which changes the soil physical characteristics so that both water infi ltrability and soil water-holding capacity increase. Th e soil carbon increase also enhances the climate change mitigation benefi t by withdrawing CO 2 from the atmosphere.
• Redirection of non-productive soil evaporation into productive transpiration, which improves the fi eld level water productivity.
• Increased groundwater recharge.
A potential risk with the Jatropha plantations is reductions in runoff generation resulting in reduced downstream water availability. In this study, the total runoff amount was modeled to be 40% larger for the wasteland condition, but despite of this, base fl ows were higher when Jatropha was grown. Runoff intensities were at the same time lower, which . Th e relatively poor seed yield in Velchal is due to water and nutrient stress, as confi rmed by model simulations (data not shown). Table 2 shows the diff erence in soil physical and land management conditions of two experimental sites. Jatropha plants at the ICRISAT micro-watershed could utilize more green water compared to Jatropha plants at the Velchal watershed. Moreover, threeyear-old plantations recycled 20.8 Kg N, 2.0 Kg P and 23 Kg K ha -1 through leaf fall (Table 3) . Th is nutrient recycling has an important role in sustaining the productivity of the landscape and building carbon stocks.
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Discussion
Soil and water-related impacts
Wastelands are characterized by sparse vegetation cover, exposing soils to both rainfall and solar radiation. Large soil losses occur during instances of intensive rainfall, and the non-productive soil evaporation can be very large due to the lack of vegetative cover. Th e results show that under favorable soil management and with a good water supply, the water uptake of Jatropha is similar to that of many water-demanding cereal crops. However, on wastelands where crop management is quite diffi cult, Jatropha of India [60] [61] [62] and elsewhere in the world. [63] [64] [65] Soil loss from the fi elds can therefore be expected to increase. [66] [67] [68] Once land degradation has begun, the process may eventually become diffi cult to halt since the lack of vegetation causing high soil loss makes rehabilitation more diffi cult. [69] [70] [71] [72] Hence, a vicious circle may be established, which is diffi cult analyze eff ects of diff erent upstream land-use alternatives on the various stakeholders in the sub-basin, an integrated assessment of various land-use and management options for the whole sub-basin area has to be made.
Soil loss and soil degradation might become an increasingly important factor to account for in the future. 58, 59 It is apparent that soil loss from the fi elds at rainfall intensities above 30-50 mm day -1 is signifi cant, 49 in particular for 14 Th e intention is to sell the generated electricity to commercial users in the village itself, thus providing additional income.
Moreover, this program has also helped to generate other employment opportunities for some of the women's groups in starting plant nurseries and supplying quality seedlings.
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Th e grazing that was practiced before the Jatropha establishment could continue as an integrated land-use activity together with the Jatropha cultivation, and this grazing no longer caused land degradation. Th is means that nobody in the village lost their customary right due to the Jatropha plantations. Grazing in Jatropha plantations may raises concerns about the potential intoxication of livestock. Toxicity in Jatropha is due to the presence of toxalbumin of nomecurcin (toxin protein), which irritates the gastrointestine mucosa and also hemoagglutinating and causes nausea, vomiting, intense abdominal pain, and diarrhea with bloody stool. 84 However, cases of livestock intoxication has not been reported so far.
An additional benefi t for the community is higher groundwater tables, which improves access to water for domestic and agricultural use. Achten et al. 7 thoroughly discussed the benefi ts of Jatropha cultivation on wasteland at local scale. Th e seed cake that is obtained as a byproduct from oil extraction cannot be used for animal feeding due to its toxic content.
But it could potentially be used as fertilizer 11 that also serves as biopesticide/insecticide and molluscicide. 85 Moreover seed cake could be used for biogas production through anaerobic digestion before using it as a soil amendment.
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Model and data uncertainties
Th e approach to combine the two modeling tools ArcSWAT and HYDRUS1D causes a risk for small discrepancies in the to interrupt due to the negative feedback mechanisms between canopy coverage, runoff generation, and soil loss.
Other studies have shown that Jatropha has the potential to rehabilitate landscapes that have been badly degraded 5, 26 and can also induce carbon sequestering in soils. 73 Th e present study does not challenge the objection against planting Jatropha on agricultural land. However, it is shown that wasteland that does not support conventional crop cultivation can be suitable for Jatropha cultivation involving the local community. In the current case study, Jatropha cropping has provided the local community in the Velchal watershed with an additional source of income, which strengthens the resilience of the village by enabling farmers to operate on diff erent markets (food and energy).
Currently, the income from the Jatropha cultivation is relatively small in relation to total household budgets.
Harvested Jatropha seeds generate an income of approximately USD$100 ha -1 year -1 (considering seed yield between 0.5 and 1.0 tons ha -1 aft er the fourth year and onwards 11, 14 and Jatropha seed cost as USD$0. (assuming a cropping intensity of 150% and average crop yields at 1-2 tons ha -1 in arid and semi-arid tropics under rain-fed conditions [81] [82] [83] ). However, the economic returns from the biofuel plantations will be higher if the biofuel prices increase in the future. Moreover, the present seed Even so, the data quality and overall model performance is judged to be satisfactory for the purposes of this study, and for supporting the conclusions made.
Conclusion
Overall, changes arising from the conversion of wastelands into Jatropha plantations were desirable from an ecosystem's perspective at the watershed scale. Non-productive soil evaporation was shift ed to productive transpiration, groundwater recharge improved, base fl ow improved while storm fl ows and sedimentation loads were lower as soil loss from the fi elds was reduced. Moreover, it was found that the soil carbon content increased in the Jatropha plantations over time creating a win-win situation between land productivity and climate change mitigation.
At the same time, results from this study indicate that at the sub-basin scale, reductions in runoff generation as a result of converting wastelands to Jatropha plantations may pose problems for downstream ecosystems and water users if implemented on a large area. Th e net impact of these changes depends on the characteristics of downstream water users and ecosystems.
At the community level, Jatropha production was generally positive from a livelihood perspective. Th e previous land use, in this case grazing, could continue in the Jatropha plantations, which provided a new source of income, thus strengthening the resilience of the farmers. In the future, the potential revenues from Jatropha production may be higher than today, as plantation yields increase and demand for petroleum substitutes such as Jatropha biodiesel grows. 
